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Abstract 
Fiber Bragg gratings (FBG’s) have been used as communication devices and sensors in applications. To extent the FBG’s ability 
for the uniform distributed disturbances, this study computed reflection spectra of an apodized FBG subjected to strain gradients 
ranging from 0 to 1 strain/m. Based on the coupled-mode theory, in this paper reflection spectra and their corresponding areas 
were calculated. For apodization functions, the raised-Gaussian and raised-cosine were considered in this study. In parameter 
study, two parameters of an FBG:  the grating length and the effective index change were taken as variables to understand their 
effects on its reflection spectra. Results show that the larger effective index change increases the range of linear relationship 
between strain gradients and spectra areas; and the larger grating length increases the slope of the linear relationship. In 
applications, as a filter, at larger strain gradients those spectra from apodized FBG display almost linear segment over the 
wavelength ranges 1 or even up to 40 nm, depending on the grating length. Equivalent to the strain gradients, results obtained in 
this paper also can be applied for the temperature gradients, if the ratio between wavelength shifts from one micro-strain and 
from one degree Celsius, for example, is suitable assigned. 
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h background component of the effective index change 
l             grating length 
n0           effective refractive index before UV exposure 
Greek symbols 
/0 grating period 
Gn effective index change 
1. Introduction 
This research considered an FBG that is subjected to an one-dimensional strain field with a constant strain 
gradient along its axis. Fiber Bragg grating (FBG) sensors are deployed for applications, especially in measurements 
for average strains or for average temperatures by detecting the central wavelength shifts of an FBG’s reflection 
spectra. Recently, using numerical computations based on the coupled mode theory, Hwang et al. (2010) [1, 2] have 
found that strain gradients dominate the dilated areas of the distorted spectra reflected from the glued grating, and 
shifts in the central wavelengths of its reflection spectra are governed by the average strains. On the other hand, 
Hwang et al. (2011) [3] experimentally demonstrated the effectiveness of the improved bonding method for a 
surface mounted FBG sensor, that is devoted to measure the average strain along the glue-free grating. 
The goal of this research is to obtain the relationship between strain gradients and spectral areas. Hwang et al. 
(2012) [4] have conducted those computations for reflection spectra from the non-apodized FBG subjected to strain 
gradients ranging from 0 to 1 strain/m. Furthermore, in this paper, we calculated the relationship for the apodized 
FBG. To make comparisons between the non-apodized and the apodized FBG’s, before those results for the 
apodized FBG shown, some outlines for those computational results for the non-apodized FBG in [4] are displayed 
in this paper. In this paper the raised-Gaussian and the raised-cosine were the chosen apodization functions. About 
the descriptions for the coupled-mode theory and the transfer matrix method, refer to [1,5], for example, for its 
details, and this paper avoids the repetitions for those contents. 
2. Results of Numerical Computations for the Non-apodized FBG 
2.1. Relationship between strain gradients and spectral areas  
In the parameter study for the effective index change nG , nG  was set as 51 10u  to 31 10u . The increment of 
nG  is 51 10u  when it is between 51 10u  and 41 10u ; then the increment is 41 10u  when it is between 41 10u  and 
31 10u . Other parameters are constant: 10l  mm, 0 500/  nm, 1h   and 0 1.482n  . On the other hand, in the 
parameter study for the grating length l , it was set as 5 to 100 mm. The increment of l  is 1 mm when it is between 
5 and 10 mm; then the increment is 10 mm when it is between 10 and 100 mm. Other parameters are constant: 
47 10nG  u , 0 500/  nm, 1h   and 0 1.482n  . 
Figure 1(a) shows the results of computations in the parameter study for the effective index change nG . For the 
larger values of nG , the more extended linear ranges are induced in the relationship between the spectrum areas and 
the applied strain gradients. In addition, in the condition of zero strain gradient, the larger value of nG  results in the 
larger spectrum area. Figure 1(b) is the results of the parameter study for the grating length l . For the longer grating 
length, the larger slope (higher sensitivity) is obtained in the relationship between the spectrum area and the applied 
strain gradient. In addition, at the condition of zero strain gradient, grating lengths do not apparently affect the 
spectrum area. 
 
2.2. Computed reflection spectra 
Figures 2(a) and 2(b) demonstrate the dilation process of the reflection spectra for increasing strain gradients. The 
case 31 10nG  u  is shown in Fig. 2(a) for the parameter study of the effective index change, and the case 100l   
mm in the parameter study for the grating length is displayed in Fig. 2(b). To clear show the reflection spectra, in 
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these two figures only seven spectra are depicted for g = 0, 0.15, 0.30, 0.45, 0.60, 0.75 and 0.90 (1/m). Figure 2 
shows the phenomenon that larger strain gradients induce larger dilations in the spectrum area. About the more 
detailed display for the evolution of all the reflection spectra under increasing nG  and under increasing l , refer to 
[4]. 
3. Results of Numerical Computations for the Apodized FBG 
3.1. Relationship between strain gradients and spectral areas 
Fig. 1. Relationships between strain gradients and spectra areas for the non-apodized FBG: (a) The effective index change nG  ranges 
from 51 10u  to 31 10u ; (b) The grating length l  ranges from 5 to 100 mm. 
Fig. 2. The dilation of a reflection spectrum under increasing strain gradients g  = 0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90 (1/m): (a) The 
effective index change 31 10nG  u ; (b) The grating length l=100 mm. 
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Figures 3 and 4 are the relationships between strain gradients and spectral areas for the raised-cosine FBG and 
the raised-Gaussian FBG, respectively. Figures 3 and 4 show the same trend in Fig. 1 for the non-apodized FBG: 
spectral areas increase when the strain gradients grow. To make comparisons among the non-apodized, the raised-
cosine and the raised-Gaussian FBG’s, this study used the condition of equal areas under those apodization 
functions to consider the equivalent of emitted radiation from the UV light during the manufacturing process of fiber 
gratings. Based on this, in the computations for Figs. 3(a) and 4(a), the raised-cosine FBG and the raised-Gaussian 
FBG have grating lengths of  20l   mm and 30l   mm in the parameter study for the effective index change. In 
addition, in Figs. 3(b) and 4(b), the grating lengths for the raised-cosine and the raised-Gaussian FBG’s are two- and 
three-time of those shown in Fig. 1(b), respectively. Except for the apodized FBG’s grating length described above, 
other parameters for the two kinds of apodized FBG’s are the same as those corresponding to Figs. 1(a) and 1(b) as 
described in section 2.1. In comparisons among Figs. 1, 3 and 4, for the condition of equal areas under their 
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apodization functions, the raised-cosine FBG is the most sensitive sensor to measure the strain gradients, and the 
non-apodized FBG is more sensitive than the raised-Gaussian FBG. 
3.2. Computed reflection spectra 
Figures 5 and 6 show the evolution of those reflection spectra for the raised-cosine FBG. In Fig. 5, the same trend 
as for the non-apodized FBG [4], those reflection spectra show that the larger value in nG  results in the larger peak 
reflectivity and the larger spectra area. On the other hand, Fig. 6 depicts the evolution of reflection spectra for 
different grating lengths from 20 to 200 mm. 
Figures 7 and 8 are reflection spectra for the raised-Gaussian FBG, corresponding to Figs. 5 and 6 for the raised-
cosine FBG. In Fig. 7, the influence from the value in nG  has the same trend as for the non-apodized FBG and the 
raised-cosine FBG. In Fig. 8, those reflection spectra for the grating lengths from 30 to 300 mm also indicate the 
same behavior as for the non-apodized FBG and the raised-cosine FBG. 
4. Discussions and Conclusion 
To extent the FBG’s ability for the uniform distributed disturbances, this study computed reflection spectra of an 
apodized FBG subjected to strain gradients ranging from 0 to 1 strain/m. For apodization functions, the raised-
Gaussian and raised-cosine were considered in this study. In parameter study, two parameters of an FBG: the grating 
length and the effective index change were taken as variables to understand their effects on its reflection spectra. For 
the non-apodized (that is, Fig. 1) and the apodized FBG’s considered in this paper (that is, Figs. 3 and 4), results 
show that the larger effective index change increases the range of linear relationship between strain gradients and 
spectra areas; and the larger grating length increases the slope of the linear relationship. In comparisons among Figs. 
2, 5, 6, 7 and 8, we find that the non-apodized FBG (that is, Fig. 2) has almost vertical slope in the rise-up (or, in the 
die-down) of their reflection spectra [4]. By contrary, at larger strain gradients, those reflection spectra for the 
apodized FBG’s (that is, Figs. 5 and 6 for the raised-cosine FBG and Figs. 7 and 8 for the raised-Gaussian FBG) 
have more mild slopes in the rise-up (or, in the die-down) of their reflection spectra, compared with those for the 
non-apodized FBG. In the authors’ opinion, as a filter in applications, at larger strain gradients those reflection 
spectra from apodized FBG display almost linear segment over the wavelength ranges 1 or even up to 40 nm, 
depending on the grating length. For example, see those reflection spectra in Fig. 8 for the grating length of 300 mm. 
Equivalent to the strain gradients, results obtained in this paper also can be applied for the temperature gradients, if 
the ratio between wavelength shifts caused from one micro-strain and caused from one degree Celsius, for example, 
is suitable assigned. 
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Fig. 5. The details of the evolution of reflection spectrum for the raised-cosine FBG: the effective index changes from 51 10nG  u  to 
31 10nG  u . 
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Fig. 6. The details of the evolution of reflection spectrum for the raised-cosine FBG: the grating lengths from 20l  mm to 200l  mm. 
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Fig. 7. The details of the evolution of reflection spectrum for the raised-Gaussian FBG: the effective index changes from 51 10nG  u  to 
31 10nG  u . 
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Fig. 8. The details of the evolution of reflection spectrum for the raised-Gaussian FBG: the grating lengths from 30l  mm to 300l  mm. 
